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EXPERIMENTAL RESEARCH ON FLOW OPTIMIZATION IN

LOW-SPEED WIND TUNNELS

St. N. Slvulescu, V. Toma., Gb. Gb. Gheorghiu

IMFCA

The authors present their research on determining the optimal

geometry, static pressure and velocity fields and the effect of

perturbations in low speed wind tunnels (3-15 m/s), in which the

flow is controlled by specific adjustment elements. The results

could be used in designing subsonic wind tunnels.

1. Introduction

It is known that adjusting a low speed wind tunnel to respond

to a wide variety of tests is long and difficult. The present work,

for the particular case of Eolin wind tunnels, presents in a system-

atic fashion research undertaken with the following objectives:

--optimizing the aerodynamic circuit through modification of

the fan chamber;

--optimization of the wind tunnel by making the fan intake aero-

dynamic;

--widening of the performance range of the wind tunnel by using

special perturbators (to simulate bursts, atmospheric boundary layer,

etc.);

--gathering of experimental data characteristic to the wind

tunnel (cross-sectional velocity field, longitudinal pressure fields,

etc.);

--calibration of the wind tunnel as a function of the combined

effects of fans, perturbators and adjustment elements.



2. Modifications to the Aerodynamic Circuit of the Eolin
CE4V Wind Tunnel

The following modifications were made: a segment with pertur-

bators was introduced upstream of the experimental chamber, the fan

chamber was enlarged by adding a parallelepipedic segment and the

fan intake was aerodynamically designed.

Using a micromanometer, fluctuations were observed in the exper-

imental chamber. This was attributed mainly to the inability of the

fan chamber to dampen the fluctuations generated by the fans. To

eliminate this, the chamber upstream of the fans was enlarged by 60%

by adding a parallelepipedic segment as shown in Figure 1.

This addition has improved the flow in the experimental chamber.

This was concluded by exploring the flow with a warm line. The

operation of the fans was improved by aerodynamically designing the

air intake. For this, profiled intake parts for each of the fans

were built as shown in Figure 2. The effect of increasing the volume

of the fan chamber is more important than that due to aerodynamically

designing the fan intake. This is illustrated in Figures 3 and 4

in the form of the pressure distribution along the wind tunnel for

two cases: with aerodynamic and nonaerodynamic intake, respectively

2 (Figure 3) and 4 (Figure 4) fans. There are slight differences

between the two cases. This does not Justify the aerodynamic design

(difficult due to space requirements). There is a slight increase

in the average velocity. This shows, for this kind of small axial

fans with air intake from a large chamber, that profiling the fan

intake is not an important factor in their performance.

Another change in the circuit consists in the introduction of

two perturbing segments: one in front of the experimental chamber

(closed experimental zone) the other upstream of the outgoing jet

(open experimental zone). These are shown in Figure 1 together with

their location in the aerodynamic circuit of the wind tunnel. The

perturbing segment upstream of the experimental chamber offers five
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possibilities of introducing of 300x300 perturbing frames: three

vertical and two horizontal, which lengthens the experimental

chamber by ki = 230 mm. The second perturbing segment is a frame

which allows the independent action of 40 blades situated on five

axes. Its length is 12 = 100 m., Both perturbing segments, which

introduce local losses, are movable, they can be taken in and out

according to the needs.

3. Static Pressure Distribution along the Circuit

In this section the pressure distribution along the wind tunnel

is presented. This in order to show the effects of working in

various regimes: with 4 and 2 fans or fan and perturbing grid com-

binations. At the same time these distributions show the differences

at the intakes along the contours of various sections, giving an

indication on the local uniformity of the flow. Thus Figures 5a

and 5b show the variation of coefficient C along the circuit for
p

all the intakes and cases indicated. Cp is defined as P - Ps
pt - ,

where P = local pressure (static intake);

Pa = atmospheric pressure;

Pt = total pressure in experimental chamber;

Pst = static pressure at the wall of experimental chamber.

It can be seen that in the fan chamber the pressure is not uni-

formly distributed along the contours, locally there are complex and

reverse flows. These are due to the interaction between the walls,

the central flow and the flow in the vicinity of each fan. The non-

uniformity of static pressure in a section is more pronounced for

the case of 2 fans (Figure 5a) than for 4 fans (Figure 5b).

From these experiments regarding the distribution of static

pressures it was concluded that in certain sections 4-6 intakes are

necessary along the contour, whereas in other sections it can be

limited to one or two.
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Figure 1

Key: 1 - Perturbing segment frames with blades at 900 on the same
axis; 2 - Added parallelepipedic segment; 3 - Perturbing seg-
ment with multiple blades and independent acting

(6,) Secqiunea A-AA

Figure 2

Key: (a) Section A-A; (b) Section B-B; 1- profiled body; 2-
motor; 3- fan
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Figure 5a

Key: 1- Eolin CE4V view from top 2 fans at top working; 2 -

number of intakes per section; 3 - intakes up, intakes
down, intakes on side; 4 - net
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igure 5b

Key: 1 - Eolin CE14V top view all fans working; 2 - section index;
3 - number of intakes per section; LI - intakes up, intakes
down, intakes on side; 5 - net
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The distribution o.' static pressures along the wind tunnel

represents the combined effects of the variation in potential pres-

sure (Bernoulli eg.) and friction at the walls (boundary layer).

For low speeds and large variations in cross-section these two

effects are difficult to separate. Following is an analysis of the

longitudinal pressure distribution, based on correcting the potential

changes with boundary layer effects.

Let us consider a segment of square cross-section which varies

with X (along the axis of the wind tunnel) (Figure 6). On the walls

there is a boundary layer attached to the walls and without secondary

corner flows.

The continuity equation for 1/4 of cross-section OAB between

sections (1) and (2) is:

- 281)2 U. + (, - = - (&2-292)2,U2 + (a - (3.1)

where

Ts ,,-- U, dy, Ta, U2 dy,

On the axis the Bernouilli equation is:

P, + p/,U,-Ps + p/172 (3.2)

,

Figure 6

where

P, )(3.3)
P, -P., + r',.('4' -



P and P are the static pressures at the wall at Section (1) and
W1 w2

respectively (2), and u' and v' the velocity fluctuations in the
two dimensional turbulent boundary layer at the wall. Referring to
Section (1) we obtain by combining equations (3.1) and (3.2)

Ap, = - P-JA= P/,(U'4 - tU') - (V4' - 's')] +
± 2 ,J - 2 8' + 4 '. ° ,a - 28 1) - (at - 28I)'O '

S(1 2, - 282)2 1  (a - 282,)2

where the effects due to the turbulent boundary la.,,- on the walls
are included in the fluctuation term and in the cur. brac~ei

In the ideal case (no boundary layer):

thus u', ' 0 8-O, '-~O,

Apt = (P.. - ,.., = I[,-)27 (3.4)

which is the ideal pressure change between Sections (1) and (2).

The actual difference in static pressure between Sections (1)

and (2) can be written as

AP, = AP, + -2- '-) - ('2 - ')J +
2..(1 V2 ] 2 (3.5)

1-_ it 1  - A . ag,- 2

.2 -2)

Equation (3.5) can be applied for a segment without local resis-

tances (grids, perturbators) or sudden variations in cross-section
(widening, narrowing). If these are present the development of the
boundary layer is completely different. For example, equation (3.5)

can be applied to the funnel in front of the fan chamber, which
for P V. 9,32 mm column H2 0 should convert speed into pressure

2
with a gain of 6,364 mm H20. From the diagram in Figure 4 we obtain

a gain of only 4 mm H20. This shows the effect of the fluctuation
term and formation of boundary layer. These terms can be evaluated

8



from the theory of the turbulent boundary layer on the walls of

the wind tunnel. The starting point is taken at the Joining of

the converging segment to the experimental chamber. Such an anal-

ysis is beyond the scope of this work though.

A first approximation estimate can be obatined as follows:

-- the fluctuations terms are neglected, thus

-U? - - 0,

--the speed profile in the boundary layer is determined exper-

imentally, thus one obtains:

U.A.dy, 4 U., .dy, 811 8 ,

which allow equation (3.5) to be calculated.

In order to see why equation (3.5) is not applicable for sudden

changes of cross-section, when the development of the boundary layer

is abnormal and the main flow is substantially influenced by secon-

dary flows, let us evaluate the change in pressure between the end

section of the funnel (S4) and the section in front of the fans

(S5) (See Figure 5b)

apt =(,62 -- 3) 1 _039 a 6mm H-O.

From these 6 mm H20, which should have been reconverted by the change

in cross-section, one can see that only less than 1 mm H2 0 has been

reconverted. This illustrates the disastrous effect of the sudden

increase in cross-section on recovering the loss of pressure.

Appreciable variations in pressure, along the tube, are obtained

by introducing a grid G made out of scotch tape 20 mm wide and

placed at the end of the funnel. The unit of the grid is 6 5x6 5,

and the degree of permeability y 65x65 = 0.585. Figure 7 shows

=85x85

9
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Figure 7
Key: 1 - one motor + grid (G); 2 - 3 motors + grid (G); 3 -

4 motors + grid (G); 4 - 3 motors; 5 - 4 motors

the Jump in pressure (decrease) introduced by this local resistance

for all the regimes of the wind tunnel (1, 3, 4 motors). Using

these diagrams the local coefficient of loss of pressure can be

obtained from the formula
(P4 - P5 ) grid - (P4 - P5 ) without grid

x V2 with grid

One obtains the following:

Regime 1 motor 3 motors 4 motors

V4 m/s 2.4 3.9 5.82

Cx  14.4 20.5 17.4

One can see that the simultaneous Pction of more than one fan in

the presence of the grid and sudden change of cross-section leads
to large values of Cx, caused both by the small speeds of flow and

10



its local complexity. Nevertheless the introduction of a local

resistance, such as a grid or perturbator, with a local loss of load
APmw <6 mm does not affect the efficiency of the installation.

4. The effects of the Adjustment Systems and Perturbators

Eolin wind tunnels have the following systems of acting on the

flow characteristics:

A. Adjusting systems: Grid of obturator blades in front of

motor chamber (G p), side doors to the motor chamber, separate oper-

ation of the motors.

B. Perturbing systems: P in front of the experimental chamber,

2 upstream of the convergent segment which furnishes the outgoing jet.

A. By using the adjusting systems controlled changes of the

average characteristics of the flow, in particular speed in the

experimental chamber and in the outgoing Jet, can be obtained. One

can act on three elements to obtain the desired speed and a good

flow: side doors with variable opening grid with adjustable blades

Gp and fans. Thus the side doors to the fan chamber maintain their

working regime at optimum performance, even when the flow capacity

through the experimental chamber is very small. Also the grid with

blades (G p) in front of the fan chamber introduces a symmetrical

resistance in the circuit downstream from the experimental chamber,

in order not to additionally distort the flow structure.

We have thus obtained in the experimental chamber a range of speeds

of 2-20 m/s in very small steps (0.5 m/s). In the outgoing jet

the range of speeds is 5-15 m/s in fine steps (1 m/s).

B. The perturbing systems are utilized for controlled changes

of the structure of the flow, such as degree of turbulence, speed

profile and quasi laminar character of the average flow. Thus for

the flow in the experimental chamber the perturbator P1 offers the

l11



following possibilities:

--achieving a roughness which leads to an increase in the thick-

ness of the boundary layer.

--mounting an obturator sieve-grid for turbulence, which leads

to modification of the degree of turbulence of the flow.

--mounting a special obturator with blades, which allows obtain-

ing three-dimensional speed profiles.

--mounting a perturbator with oscillating blades capable of pro-

ducing a periodic change (in time) of the average flow.

For the outgoing jet, perturbator P2 allows mounting of a per-

turbing system with individually acted blades capable of achieving

the desired speed profiel.

Next we present some of the effects of these perturbators and

adjusting systems: changes in the degree of turbulence, development

of the boundary layer on the walls and speed profile in the experi-

mental zone.

Degree of Turbulence (defined as Tu=VY) is a decisive para-

meter for the structure of the flow. The wind tunnel

offered the following results shown in Table 1 and the adjoining

sketch.

Without the perturbator Tu = 0.37%, with a passive grid and

louvers at 150 the degree of turbulence is increased 20 times

(Tu = 7.2%). Thus the range of turbulence in the experimental chamber

is fairly wide. In the outgoing jet, due to the effect of perturbator

P2' one obtains a speed profile U(y) and correspondingly a distri-

bution profile of the longitudinal turbulence shown in the diagrams

(Figures 8-1, 8-2). Distributions U and U are connected
. an U max

through an integral change of coordinates (11, (2].

12
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TABLE 1

Measur- Avg. Degree Field uni-
Regime Perturbator ing point speed of tur- formity of

x,y mm U m/s bulence the degree
• Uof turbu-

lence
P 2 without x=310

4 fans p8rturbator y 140 19.9 0.37 homogeneous

P = plane pass- x=310 non-
4 fans ie grid y=1 4 0 20.0 0.495 homogeneous

4 fans + P = active grid x=310 non-
compressor with jets y=1 4 0 20.1 0.55 homogeneous

4 fans P = passive grid
Whh louvers at x=310
15 y 60 19.8 6.46 homogeneous

4 fans P passive grid
wNt louvers at x=310

(1 5 ) y=140 20.4 7.20 homogeneous

P = active grid
4 fans + with Jets 5nd lou- x=310
compressor vers at 15 y=230 17.5 6.01 homogeneous

Development of the boundary layer on the wind tunnel walls.

In order to determine the usable (active) zone in the experimental

chamber and to study the effect of roughness on the thickening of the

boundary layer the speed profiles on the wind tunnel walls, at the

sections indicated in Figure 8a, were measured.

13
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TABLE 2

Outside
speed
(working Rey-
condi- noldstins numberStions of Itom Imm

Measuring the wind Ue theo- experi-
section Roughness tunnel) V retic mental

CE x = xI normal 19.8 476,000 9.7 9.75

CE x = x normal 19.8 1,180,000 20.2 20.4

tunnel
x = x3 normal 13.82 1,650,000 - 45

CE x - x, perturbator
_ _ 5 mm = Dh 19.8 476,000 9.7 21.8

CE x - x2  same 19.8 1,180,000 20.2 32

The experimental results are shown in Figure 8b and correspond

to the experimental conditions presented in Table 2. The profiles

in Figures 8a and 8c show the important modifications due to rough-

ness, initially distributed in the form -.JXL . The thickness can

be evaluated theoretically by using the formula for a plane plate

U..,
=0,37 (R,) 115,s and 1,8. = 

a,

where the x origin for this wind tunnel was taken at xo = 0.056 m

upstream of the transistion section from the collector to the straight

segment of the perturbator zone P1 (Figure 8a). The presence of

roughness £LFL.JFL in zone P., (it was obtained by shifting the-A.

frames in their guides by Ay = 5 mm) increases the thickness of the

boundary layer according to the formula:

a, 
4

8,
where F is a universal function. We obtained ,- 1,5-2. These

results show that in the experimental chamber the usable zone (speed

Ue = const) represents approximately 80% of its cross-section, and

that the artificial roughening of the walls allows at x = 3.17 m

15
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Figure 8b Figure 8c

Key: I - profile with roughness upstream; 2 - speed profile
without roughness; 3 - profile without roughness; 4 -

profile with roughness.
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Key: 1 - perturbator with blades

(an eventual lengthening of the experimental chamber) with Uc =

10 m/s to obtain 6 = lO0m.

Achieving certain speed profiles in the experimental zone. It

is useful to indicate the possibilities offered by the perturbing

systems, introduced in front of the two experimental zones, to

achieve certain speed distributions at given sections. Thus in the

experimental chamber a local three-dimensional behavior on a large

scale of the boundary layer was simulated by creating a special speed

profile. For this perturbators of the type A were used, double

blades on the same axis with their planes rotated at 900. In Figure

9 are shown the three-dimensional speed profiles corresponding to

17
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the blades. They were Obtainod with a directional probe. They

can serve for the study of the structure of the fluctuations as

effected by three-dimensionality.

In the outgoing jet, due to the action of perturbator P2 I it is

possible to obtain the desired speed distribution across 80% of the

jet. In Figure 10 a series of speed profiles taken in seven sec-

tions of the outlet nozzle, at xj = 20 mm, with and without aero-

dynamic fan intake, are shown.

All these perturbators can serve to simulate flow in thick

layers in which the speed profile plays an essential role, as for

example in the atmospheric boundary layer. Finally we mention the

possibility of obtaining flows with an oscillating character f -

(2 - 5) Hz in the experimental chamber and in the outgoing jet, by

using oscillating blades as perturbator P1 , The oscillatory motion

of the blades is achieved through a motor, reducing gear and cam

transmission to the blade axis. The kinematic scheme is shown in

Figure 11.

5. Conclusion

We have presented the performance and technical characteristics

of Eolin type wind tunnels, mainly as reference material for the users

of this type of wind tunnel.

Secondly, we considered necessary a systematic study of the exper-

imental possibilities offered by these wind tunnels for the solving

of certain problems and finding new ones, as they occurred in

various labs. They cover the range of flows at small speeds (2-20 m/s)

and small and intermediate Reynolds numbers (103-10 ) for a reference

length of 90 mm.

The occurrence of blocking effects enables the study of special

internal flows or the introduction of larger models up to 50% of

the section of the experimental chamber.

20



Finally, this type of wind tunnel is susceptible of modifica

tions for special purposes (decreasing the degree of turbulence,

controlling the boundary layer on the walls, creating of a longer

collector as experimental segment, soundproofing of the fan chamber,

etc.) and could be the starting point for designing of a similar

wind tunnel on a large scale.

Received at redaction on 22 June, 1977
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